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FOREWORD 


The  soil  properties  presented  herein  were  obtained  for  the  purp'fcge  of  clarifying  the  stress-strain  rela¬ 
tions  which  should  be  used  in  computer  codes  for  predicting  groun^motions  due  to  high  pressure  loading. 
This  work  is  in  conjunction  with  research  on  propagation  of  ground  shock  through  soils  being  conducted  by 
the  Soils  Division,  U.  S.  Army  Engineer  Waterways  Experiment  Station,  for  the  Defense  Atomic  Support 
Agency. 

This  report  was  requested  and  authorized  by  Mr.  J.  G.  Jackson,  Jr.,  Chief,  Impulse  Loads  Section, 

Soil  Dynamics  Branch,  under  the  direction  of  Mr.  W.  J.  Turnbull,  Chief  if  the  Soils  Division.  The  report 
was  prepared  under  Purchase  Order  No.  WESBPJ-68-67,  dated  16  August  1967,  issued  to  M.  T.  Davisson, 
Foundation  Engineer,  Champaign,  Illinois.  " 

Directors  of  the  Waterways  Experiment  Station  during  the  perfom  ance  of  this  work  and  preparation 
and  publication  of  this  report  were  COL  John  R.  Oswalt,  Jr.,  CE,  and  COL  Levi  A.  Brown,  CE.  Technical 
Directors  were  Mr.  J.  B.  Tiffany  and  Mr.  F.  R.  Brown. 
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CONVERSION  FACTORS,  BRITISH  TO  METRIC  UNITS  OF  MEASUREMENT 

British  units  of  measurement  used  in  this  report  can  be  converted  to  metr.c  units  as  follows 


Multiply 

inches 

feet 

miles 

cubic  inches 

pounds 

kips 

pounds  per  square  inch 
pounds  per  cubic  foot 
feet  per  second 
foe:  pounds 


0.3048 
1.609344 
16  3871 
453  5924 
453.59237 
0  070307 
16  02 
30.48 
0.138255 


To  Obtain 


centimeters 


kilometers 


cubic  centimeters 

grams 

kilograms 

kilograms  per  square  centimeter 
kilograms  per  cubic  meter 
centimeters  per  second 
meter-kdegrams 


SUMMARY 


The  soil  tests  reported  herein  were  conducted  to  provide  information  on  the  influence  of  degree  of 
saturation  on  high  piessure  stress-strain  relations  of  undisturbed  and  remolded  soils  from  the  Defence  Re¬ 
search  Establishment,  Nuffield.  These  high-pressure  one-dimensional  test,  were  also  to  provide  input  data  for 
computer  codes  concerning  the  relation  between  stress  and  strain  invariants  at  high  pressures.  SomA  investi¬ 
gators  were  concerned  that  large  strains  might  develop  at  high  pressures  in  sal*  and  day  as  has  been  observed 
for  sand  due  to  grain  crushing.  As  expected,  the  rest  results  presented  herein  shew  that  large  strains  do  not 
develop  at  high  pressures  in  fine-grained  soils  such  as  silt  and  clay 

The  test  program  consisted  of  12  one-dimensional  tests  on  4  specimens  each  of  undisturbed  and  re 
molded  silty  day,  and  4  specimens  of  remolded  sandy  silt  In  all  tests  the  radial  strain  was  essentially 
2£to.  Axial  and  radial  stresses  and  axial  strain  were  measured.  The  tests  were  carried  to  an  axial  stress  of 
20,000  psi  unless  soil  extrusion  occurred  at  a  lower  stress.  The  following  conclusions  were  reached:, 
a.  The  degree  of  saturation  and  the  initial  void  ratio  are  the  most  significant  variables 
governing  the  one  dimensional  stress-strain  relations  of  soil  at  high  pressures. 

A  For  pressures  exceeding  3000  psi  the  compacted  specimens  and  undisturbed  specimens 
of  Suffield  soil  yield  the  same  relation  if  the  initial  degree  of  saturation  and  initial 
void  .ado  ate  identical  before  loading. 

c..  A  lowci  1  find  to  the  secant  modulus  of  deformation  Ms  at  a  given  level  of  axial 
stress  oa  is  given  by 


1  +  e,  300, (XX)  psi 


for  both  compacted  and  undisturbed  samples  of  fine-grained  soil  subjected  to  pressures 
greater  than  3000  psi. 

c L  The-  average  unloading  modulus  of  Suffield  soils  subjected  to  pressures  greater  than  3000 

pn  is  approximately  10  times  the  loading  secant  modulus  of  deformation  Ms 
It  is  probable  that  the  stiffness  of  the  Suffield  soils  when  unsaturated  will  be  greater  under 
dynamic  loading  than  the  static  values  given  herein.  Previous  comparisons  of  static  and 
dynamic  values  of  constrained  moduli  of  Suffield  soflr  have  shown  that  the  dynamic  values 
are  twice  the  static  values.  This  observation  is  consistent  with  similar  comparisons  for 
NTS  Frenchman  Flat  silt. 
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EFFECT  OF  DECREE,  OF  S  \Tl  K  Vi'ION  ON  COMPRESSIBILITl 
OF  SOILS  FROM  TIIK  DEFENCE  RESEARCH 
ESTABLISHMENT.  St  FFIKLI) 


PART  I:  INTRODUCTION 

OBJECT 

1.  The  object  of  this  study  was  to  determine  the  high-pressure,  static,  one -dimensional  stress- strain 
characteristics  of  compacted  and  undisturbed  soils  from  the  Defence  Research  Establishment,  Suffiekl  (DRES), 
in  Alberta,  Canada.  Degree  of  saturation  was  the  major  variable  investigated.  These  one-dimensional  tests 
were  also  to  provide  input  data  for  computer  codes  concerning  the^elation  between  stress  and  strain  invari¬ 
ants  at  high  pressures.  These  high-pressure  relations  were  especially  important  since  some  invest  lators  were 
concerned  that  large  strains  might  develop  at  high  pressures  in  silt  and  day  as  has  been  observer!  .or  sand 

due  to  grain  crushing. 

SCOPE 

2.  Two  5  in.*-diam  undisturbed  Shelby  tube  samples  and  remolded  samples  of  two  different  seals, 
which  were  air-dried  and  passed  through  a  No.  10  sieve,  were  furnished  by  the  U,  S.  Army  Engineer  Water¬ 
ways  Experiment  Station  (WES)  for  this  study,  A  total  of  12  static-un  drained  one-dimensional  compression 
tests  were  performed. 

3.  Specifically,  four  tests  were  performed  on  the  undisturbed  samples,  and  four  tests  were  per¬ 
formed  on  each  of  the  two  remolded  seals,  the  remolded  soils  were  compacted  at  predetermined  water  con¬ 
tents  and  dry  densities.  The  results  of  the  tests  are  presented  in  the  fcrai  of  plots  of  axial  stress  versus 
axial  strain,  secant  modulus  versus  axial  stress,  end  radial  stress  versus  axial  stress.  The  index  properties  for 
each  of  the  different  soil  samples  tested,  and  the  test  apparatus,  experimental  procedure,  and  an  interpre¬ 
tation  of  the  test  results  are  also  presented. 


PART  II:  SOILS  INVESTIGATED 


SITE  CONDITIONS 


Location  and  Topography 

4  The  location  of  the  site  is  within  the  DRES  blast  range  at  a  location  know,  as  Watching  Hill. 
The  site  is  approximately  30  miles  north  of  Medicine  Hat,  Alberta,  Canada.  *  Within  the  area  of  interest, 
the  site  is  essentially  level  ’rith  a  ground  surface  elevation  of  approximately  2164.0  ft  msl. 

Geology 

5.  A  brief  description  of  the  geology  of  the  site  is  available  in  reference  2  along  /nth  an  estimate 
of  the  seismic  velocities  for  the  various  layers.  The  site  is  in  the  southern  end  of  the  Ross  Depression 
which,  along  with  the  areas  to  the  southland  west,  has  apparently  been  covered  by  a  large  lake.  The  sells 
to  a  depth  of  200  ft  axe  lacustrine  deposits  consisting  of  uniform  beds  of  clay  and  silt  with  occasional 
sand  lenses.  However,  glad o- fluvial  processes  and  desiccation  have  altered  approximately  the  upper  30  ft. 

In  reference  2  a  seismic  velodty  of  2200  fps  has  been  assigned  to  the  upper  30  ft,  but  indications  are 
given  that  the  upper  4  ft  may  have  a  velodty  of  700  fps  while  the  lower  26  ft  has  a  velocity  of  2550  fps. 
From  30  to  200  ft,  a  velodty  of  5500  fps  is  indicated. 

6.  Bedrock  at  the  site  consists  of  Upper  Cretaceous  beds  of  the  Foremost  formation.  These  beds 
may  be  arenaceous  shales  and/or  sandstones  with  many  coal  and  carbonaceous  beds.  In  many  places  the 
“Pale  Beds”  overlie  the  Foremost  formation  and  consist  of  sandstone,  shales,  and  sandy  shales.  The  seismic 
velodty  for  these  beds  has  been  estimated  as  7300  fps.  At  great  depth,  Mississippi  limestone  is  found 
with  a  seismic  velodty  of  approximately  20,000  fps. 

SUBSURFACE  INVESTIGATION 


Fie<d  Data 

7.  Two  undisturbed  samples  from  boring  2-U  and  two  remolded  samples  from  boring  5-U,  ranging 
m  depth  from  0  to  22.5  ft,  were  furnished  for  this  study.  The  undisturbed  samples  were  taken  with  a 
5-in.-diam  Shelby  tube  and  extruded  immediately  into  6-in.-diam  fiberboard  containers.^  Wax  was  then 
used  to  fill  the  containers  and  seal  the  samples.  The  remolded  samples  were  air-dried,  mixed,  and  passed 
through  a  No.  10  sieve. 

8.  Additional  information  on  the  soil  profile  at  the  Watching  Hill  site  can  be  obtained  from  ref¬ 
erences  4,  5,  and  6. 

Laboratory  Testing 

9..  All  soil  samples  received  in  the  laboratory  were  subjected  to  routine  identification  and  classi¬ 
fication.  The  test  number,  sample  depths,  description,  Unified  classification,  Atrerberg  limits,  and  specific 
gravities  are  listed  in  table  1.  The  gradation  curves  for  the  undisturbed  and  remolded  samples  are  pre¬ 
sented  in  figs.  1  and  2,  respectively.  All  index  properties  for  the  soil  samples  were  furnish. id  by  the  WES. 

10.  The  initial  weight-volume  data  for  each  of  the  12  static  test  specimens  are  listed  in  table  2. 
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Fig.  1,  Gradation  curves  for  undisturbed  samples 


Gradation  curves  for  remolded  samples 


PART  III  TEST  PROCEDURES 


DESCRIPTION  OF  APPARATUS 

11  The  apparatus  used  for  the  stau?  one-dimen aortal  tests,  shown  in  fig.  3.  consisted  of  a  confin¬ 
ing  ”ng  assembly  wmch  contained  the  soil  sp*-_-.ien  The  confining  ring  was  centered  on  the  baseplate 
with  the  aid  of  a  lucite  gu’de  nng  as  shown  in  fig  3  The  piston  was  also  centered  on  the  soil  specimen 
with  the  a,d  of  a  second  lucite  nude  nng  A  spilt  nng  was  mounted  on  the  piston  and  furnished  a  reac¬ 
tion  for  the  dial  indicator  which  measured  the  axial  deformation  to  the  nearest  0.001  in.  A  300-kip  uni¬ 
versal  Riehle  hydrauic  testing  machine  vas  used  to  apply  the  axial  stress  to  the  soil  specimen  through  the 


loading  piston.  A  photograph  of  this  static  test  machine  is  shown  in  fig  4a,  a  close-up  of  the  confining  nng 
assembly  is  shown  in  ftg  4b. 


rig.  4.  Test  apparatus 


6 


12.  A  steel  rui'i  1.0  in.  high  with  4-in.  inside  diameter  and  a  well  thickness  of  1.0  in.  was  used  to 
confine  the  test  specimens.  An  attempt  was  made  to  limit  the  radial  strains  to  the  minimum  value  required 
to  facilitate  accurate  recording  by  use  of  the  SR-4  gages.  The  output  of  the  SR-4  gages  was  monitored  with 
an  SR-4  indicator  Calibrations  of  the  confining  rings  were  performed  previously  as  described  in  reference  4. 

EXPERIMENTAL  PROCEDURE 


Preparation  of  Test  Specimens 

13.  For  the  tests  of  undisturbed  samples,  it  was  mandatory  to  develop  a  trimming  operation.  The 
trimming  procedure  involved  placing  the  waxed  soil  sample  in  the  hydraulic  press  along  with  the  sample 
trimming  equipment.  The  important  feature  of  the  trimming  equipment  is  the  trimming  ring.  The  trim¬ 
ming  ring  has  a  4-rn.  inside  diameter,  equal  to  that  of  the  confining  ring,  but  the  ouiside  face  is  beveled 
to  form  a  sharp  cutting  edge.  The  outer  face  of  the  nng  has  a  shoulder  that  fits  the  outside  diameter  of 
the  l.O-in.-thick  confining  ring.  When  the  confining  ring  and  the  trimming  ring  are  pressed  together,  an 
integral  unit  is  obtained  that  can  be  forced  into  a  soil  sample  in  a  manner  similar  to  the  use  of  a  thin- wail 
sampler  in  a  field  sampling  operation.  Excess  soil  and  wax  were  trimmed  away  with  a  knife  as  the  trim¬ 
ming  nng  was  forced  into  the  sample.  When  the  trimming  nng  had  penetrated  the  soil  a  sufficient  distance, 
the  ring  was  carefully  removed  and  the  so?  specimen  was  trimmed  Wei  with  the  height  of  the  confirdng 
ring.  Sample  trimmings  from  each  test  specimen  were  set  aside  for  specific  gravity,  Atterberg  limits,  and 
grain  size  determinations.  Water  content  samples  were  also  taken  from  the  Shelby  tube  sections  before  and 
during  the  trimming  p  ocess 

14.  The  tare  weight  of  the  confining  ring  is  known  along  with  its  dimensions.  Therefore,  the 
weight  of  the  ring  and  soil  specimen  furnishes  sufficient  data  to  calculate  the  initial  density  of  the  soil. 

With  the  specific  gravity  and  water  content  data,  complete  weight-volume  determinations  can  be  made 
for  the  test  specimen. 

15.  The  final  step  is  to  place  the  confining  ring  on  the  baseplate  and  to  assemble  the  confining 
ring  assembly.  A  height  determination  for  the  assembly  is  made  in  a  dial  comparator  to  an  accuracy  of 
0.001  in.  Because  the  height  of  the  assembly  itself  is  known,  the  dial  comparator  reading  furnishes  a 
check  on  the  initial  height  of  the  specimen. 

16.  The  remolded  specimen  was  compacted  into  the  trimming  ring  with  a  Vicksburg  tamps-  after 
soil  batches  were  properly  mixed  to  the  desired  water  contents  and  allowed  to  equilibrate  for  24  hr.  The 
seal  specimens  were  compacted  in  two  layers  with  nine  evenly  distributed  blows  per  layer.  The  height 

of  fall  of  the  4-lb  hammer  was  varied  to  obtain  the  predetermined  dry  densities, 

17.  The  compaction  energy  varied  from  0.2  ft-lb/in.^  to  1.1  ft-lb/in.^  of  soil.  All  remolded  speci¬ 
mens  were  prepared  with  the  compaction  tamper  except  the  sandy  silt  specimen  at  a  water  content  of 
27  percent.  In  order  to  obtain  the  desired  density  this  specimen  was  prepared  by  hand-placing  the  soil 
into  the  confining  ring.  After  compaction,  the  trimming  was  carried  out  in  the  same  manner  used  for  the 
undisturbed  specimens. 

Test  Procedure 

18.  The  confining  ring  assembly  was  placed  in  the  static  test  machine  as  shown  in  fig.  3.  The  dial 
indicators  were  ret  at  zero  under  the  load  of  the  piston  itself  which  corresponds  to  a  stress  of  approximately 
1  psi.  Succeeding  loads  were  applied  in  predetermined  increments  and  held  until  the  dial  indicator  and 
radial  stress  observations  were  made.  A  similar  procedure  was  followed  during  unloading,  however,  at  zero 
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applied  load  the  sou  specimen  was  allowed  to  rebound  for  approximately  5  run.  whereas  the  lead  mere 
ments  required  approxunc/ely  i  min  for  completion  All  tests  were  loaded  to  the  20.000-psi  stress  level  or 
soil  extrusion  prior  ‘o  the  20,000-psi  stress. 

19.  Upon  'emovinr  the-  ccnfirurg  ring  assembly  from  the  test  machine,,  the  height  was  determined 
with  the  dial  comparator..  This  reading  was  compared  with  the  initial  dial  comparator  reading  and  served  as 
a  check  on  the  residual  deflection.  The  confining  nng  and  specimen  were  removed  from  the  assembly  and 
a  careful  inspection  was  made  for  extrusion  before  a  final  water  content  determination  was  made 
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PART  IV:  TEST  RESULTS  AND  INTERPRETATION  OF  RESULTS 

20.  The  individual  test  results  are  tabulated  in  figs.  A1-A12.  The  soil  index  properties  are  presented 
as  well  as  the  individual  test  data  such  as  axial  stress,  axial  strain,  secant  modulus,  and  corrected  radial 
stress.  An  attempt  tc  correct  the  measured  radial  stresses  has  been  made  by  dividing  the  load  determined 
from  a  hydraulic  calibration  on  the  full  height  of  the  ring  (1  in.)  by  the  actual  height  of  the  specimen. 

21.  These  results  have  also  been  plotted  in  the  form  of  axial  stress  versus  corrected  axial  strain,  con¬ 
strained  modulus  versus  axial  stress,  and  corrected  radial  stress  versus  axial  stress.  The  data  points  have  not 
been  shown  on  the  plots  because  none  of  the  points  deviate  from  the  curves.  The  axial  stress  versus  axial 
strain  plots  for  the  12  static  tests  are  given  in  figs.  B1-B12.  Similarly,  the  constrained  secant  modulus  ver¬ 
sus  axial  stress  plots  are  given  in  figs.  C1-C12  and  the  radial  stress  versus  axial  stress  plots  in  figs.  D1-D12. 
The  boxes  in  the  upper  left  comer  of  the  figures  contain  initial  weight-volume  data  for  the  samples. 

22.  A  summary  of  the  static  test  data  is  presented  in  table  3.  For  each  test  the  initial  degree  of  sat¬ 
uration  is  given.  At  the  maximum  axial  stress  the  corresponding  values  of  axial  strain  and  the  ratio  of 
radial  stress  to  axial  stress  (denoted  as  K0)  are  given.  A  pseudo-Poisson’s  ratio  (p)  has  been  calculated  as¬ 
suming  that  elastic  theory  is  applicable.  The  residual  axial  strain  and  the  ratio  of  residual  to  maximum 
axial  strain  are  also  presented.  A  notation  is  made  in  table  3  wherever  soil  extrusion  occurred.  Otherwise, 
the  static  test  results  ca'i  be  interpreted  in  a  straightforward  manner. 

STRESS-STRAIN  RELATIONS 

23.  A  summary  of  the  axial  stress-strain  relations  for  the  undisturbed  samples  of  silty  clay,  com¬ 
pacted  samples  of  silty  clay,  and  compacted  samples  of  sandy  silt  are  shown  in  figs.  5,  6,  and  7,  respec¬ 
tively.  The  axial  stress-strain  curves  for  all  static  tests  were  concave  toward  the  stress  axis  throughout 
the  complete  loading  cycle;  therefore,  the  compressibility  decreases  as  the  stress  level  is  increased.  The 
absence  of  the  small  initial  concave  downward  curvature  in  the  stress-strain  diagram  of  the  compacted 
samples  is  believed  to  be  caused  by  the  negligible  preload  effect  because  of  the  low  compaction  energy 
necessary  to  yield  the  desired  dry  densities  of  80-88  pcf.  The  unloading  portions  of  the  stress-strain 
curves,  which  are  shown  on  the  individual  test  plots  in  Appendix  B,  are  very  steep  at  high  stress  ranges, 
but  the  slope  decreases  at  a  stress  of  approximately  500  psi.  T-  ■  u  3  is  a  list  of  the  maximum  axial 
strains  and  ratio  of  the  residual  strain  to  maximum  strait;  fo»  all  tests.  The  maximum  strain  at  the  peak 
stress  of  20,000  psi  varied  from  0.299  to  0.457  in./in.  The  ratio  of  residual  to  maximum  strain  varied 
from  0.85  to  0.96  for  all  test  specimens. 

24.  The  stress-strain  relations  of  the  compacted  or  remolded  samples  of  silty  clay  given  in  fig.  6 
show  the  effect  of  the  initial  degree  of  saturation  for  a  dry  density  similar  to  field  conditions.  As  the 
initial  degree  of  saturation  increases,  the  strain  at  which  the-  stress-strain  curve  turns  abruptly  upward  is 
reduced  because  of  the  amount  of  pore  air  decrease.  However,  the  stress-strain  curves  shift  downward 
toward  the  strain  axis  at  low  stress  levels  for  samples  with  increasing  degrees  of  saturation.  Thus  at 
low  stress  levels  the  samples  with  a  high  degree  of  saturation  are  more  compressible  than  those  with  a 
low  degree  of  saturation.  However,  the  wetter  specimens  reach  100%  saturation  at  lower  strains  and 
become  stiffer  than  the  dryer  specimens  at  lower  strains,  resulting  in  a  crossover  of  the  stress-strain  curves 
as  illustrated  by  tests  7  and  8  in  fig.  6.  Also,  variation  of  the  dry  density  at  a  particular  initial  degree 

of  saturation  indicates  a  more  compressible  soil  structure  at  a  lower  dry  density  as  sho’vn  by  tests  6  and 
7,  fig.  6.  The  behavior  of  the  compacted  specimens  of  sandy  silt  is  similar  to  that  of  the  silty  clay; 
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in./ m 


Axiol  S  troin  ,  «Q  , 

lmmary  of  stress- strain  rorves  for  the  compacted 
samples  of  sir/  day 


Fig.  7.  Summary  o?  stress-strain  curves  for  the  compacted 
samples  of  sandy  sflt 


however,  extrusion  of  the  specimens  with  a  high  initial  degree  of  saturation  (tests  11  and  12)  distorts  the 
true  confined  stress-strain  curves  (fig.  7).  The  calculations  of  strain  at  pressure  saturation  indicate  a  modi¬ 
fication  of  the  stress-strain  curves  for  tests  11  and  12.  The  strain  at  saturation  can  be  readily  calculated  as 


where  e,  is  the  initial  void  ratio,  Sn  is  the  initial  degree  of  saturation,  and  e  is  the  axial  strain  at  satu-; 
ration  of  the  specimen 

25.  The  stress-strain  curves  for  the  remolded  samples  approximate  the  shape  of  the  curves  for  the 
undisturbed  samples  as  shown  ji  fig.  5.  but  the  behavior  is  different  Tests  3  and  4  were  plotted  as  one 
curve  because  the  difference  between  them  was  not  dis,inguisnable  In  general  the  behavior  of  the  undis¬ 
turbed  samples  is  similar  to  that  of  the  compacted  samples  ot  silty  clav  except  that  the  undisturbed  samples 
are  less  compressible  in  the  low  stress  ranges  (less  than  2500  psi). 

26.  The  shape  of  the  stress-strain  curves  (concave  upward)  for  the  undisturbed  samples  at  the 
shallow  depths  is  indicative  of  uncemented  soils.  This  behavior  is  contrary  to  the  behavior  at  greater  depths 
as  reported  previously.^  The  data  in  reference  4  indicate  an  initial  concave  downward  stress-strain  diagram 
and  then  a  change  in  curvature  as  the  stress  level  increases.  With  an  increase  in  stress,  the  stress  st.ain  dia¬ 
gram  is  concave  upward  as  the  initial  stiffness  due  to  preload  is  destroyed. 

27  A  typical  variation  of  degree  of  saturation  with  depth  for  the  Watching  Hill  site  is  presented  in 
fig  6  as  determined  from  undisturbed  specimens  reported  in  references  4  and  5  These  data  are  given  for 
the  purpose  of  enabling  one  to  select  the  appropriate  stress-strain  curve  from  this  report  that  is  consistent 
■with  th?  degree  of  saturation  at  the  particular  depth  for  which  the  high-pressure  moduli  are  desired. 

SECANT  MODULI-STRESS  RELATIONS 

28  Many  of  the  ground  motion  problems  in  protective  construction  can  be  approximated  by  assum¬ 
ing  that  the  displacements  occur  in  the  direction  of  the  stress-wave  propagation.  Under  these  imposed 
strain  conditions,  the  constrained  modulus  is  the  significant  property  of  the  soil  controlling  the  ground 
motions.  A  constrained  secant  modulus  cf  deformation  ?*‘s  is  by  definition  the  ratio  of  the  axial  stress 

to  the  axial  strain  under  conditions  of  zero  radial  strain. 

29.  All  the  graphs  of  the  secant  modulus  versus  axial  stress  are  shown  in  figs  Cl  Cl 2.  The  shapes 
of  the  modulus-stress  curves  follow  directly  from  the  changes  cf  the  stress- strain  curves  just  examined, 
and  thus  require  little  additional  discussion  The  secant  moduli  vary  linearly  with  axial  stress  for  both  the 
loading  and  unloading  curve  The  secant  moduli  are  dependent  on  the  initial  degree  of  saturation,  initial 
void  ratio  and  the  omul  stress  level  The  lower  bound  secant  modulus  of  deformation  for  stress  levels 
above  3000  psi  can  be  approximated  by 


Ms  = 


V, 

100,,  ei 


1  *  e. 


3C0  000  psi 
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for  the  soils  tested  in  this  study.  The  average  unloading  secant  modulus  from  the  residual  strain  intercept  is 
given  by 


Mu  =  10M. 

AXIAL  STRESS-RADIAL  STRESS  RELATIONS 

30.  At  any  given  stress  level,  the  ratio  of  radial  stress  to  axial  stress  is  denoted  as  Kq  ,  In  this 
series  of  one-dimensional  static  tests  full  drainage  could  not  occur;,  therefore,  the  ratio  of  radial  stress  to 
axial  stress  determined  for  these  tests  is  essentially  in  terms  of  total  stresses. 

31  In  general,  the  value  of  K0  is  closely  related  to  the  degree  of  saturation.  As  the  degree  of 
saturation  increases,  the  value  of  K0  increases  and  approaches  a  value  of  unity  for  saturated  soils.  Be¬ 
cause  the  degree  of  saturation  depends  on  the  axial  strain,  the  value  of  K0  can  vary  continuously 
throughout  the  test.  The  values  of  K0  presented  in  table  3  vary  from  0.38  to  i.00,  and  a  pseudo- 
Poisson's  ratio  varied  from  0.28  to  0.50. 

32.  lr.  situ,  K0  may  be  considered  as  unity  for  soils  below  the  water  table.  For  soils  above  the 
water  table  having  high  degrees  of  saturation,  by  capillarity  or  otherwise,  the  value  of  K0  veil!  be 
nearly  unity.  Where  the  water  table  fluctuates,  as  it  does  at  the  DRES,  the  values  of  Kq  (and  secant 
modulus)  win  depend  on  the  applied  stress  ana  the  degree  of  saturation  existing  at  the  time  a  field  test 
is  performed. 

33.  During  the  unloading  cycle,  the  radial  stresses  are  reduced  at  a  slower  rate  than  the  axial  stress, 
this  causes  a  concave  downward  curve  that  lies  above  the  loading  curve.  Therefore,  values  of  Kq  often 
exceed  unity  during  unloading. 

FORMULATION  OF  THREE-DIMENSIONAL  STRESS-STRAIN  RELATIONS 

34.  The  test  data  given  in  Appendix  A  have  been  used  o  -ompute:  (a)  octahedral  shearing  stress, 
(b)  octahedral  normal  stress  and  (c)  octahedral  linear  strain,  tabulated  data  for  each  test  are  prr  rented  in 
Appendix  E.  From  these  data,  graphs  have  been  prepared  of  octanedral  normal  stress  versus  octahedral 
linear  strain;  the  graphs  are  presented  in  Appendix  F.  The  relations  between  octahedral  shearing  stress  and 
octahedral  normal  stress  are  given  in  Appendix  G  in  the  form  of  graphs 

35.  A  detailed  discussion  of  the  data  in  Appendixes  F  and  G  is  beyond  the  scope  cf  this  report: 
only  general  comments  will  be  made.  Such  data  are  useful  in  the  formulation  of  generalized  stress- strain 
relations  for  soils  For  instance,  the  graphs  shown  in  Appendix  F  show  the  average  principal  strain  or 
octahedral  linear  strain  which  results  from  the  average  principal  stress  or  octahedral  normal  stress.  The 
slope  of  these  curves  is  equal  to  three  times  that  of  the  bulk  modulus  of  the  specimen.  Note  that  in  all 
instances  the  curves  in  Appendix  F  become  very  steep  at  some  value  of  the  strain.  This  value  of  strain 

is  essentially  that  required  for  the  soil  to  become  fully  saturated.  The  numerical  value  of  the  strain  at  this 
point  is  dependent  upon  the  initial  degree  of  saturation  and  the  initial  void  ratio.  At  higher  strains  the 
bulk  modulus  is  equal  10  or  greater  than  that  of  water. 

36.  The  data  presented  graphically  in  Appendix  G  are  useful  in  establishing  yield  criteria  to  be  used 
in  multidimensional  computer  programs.  Note  the  curves  for  tests  9,  10,  11,  and  12  which  show  a  nearly 
linear  relation  between  octahedral  shearing  stress  and  octahedral  normal  stress  during  loading.  This  is  not 
surprising  since  these  samples  were  silty  sand,  and  the  shearing  resistance  of  sand  increases  linearly  with 
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noimal  pressure  Note  that  the  specimens  of  relatively  dry  silty  clay,  tests  3.  4.  and  5.  showed  the  same  be 
havior  because  the  initial  degree  of  saturation  wis  low  and  the  specimens  probably  never  became  sat_  ated 
Thus  the  shear  strength  increased  with  pressure  “hroughout  the  emire  test  Note  the  results  of  test  2  6  7 
and  8,  however,  where  the  octahedral  shearing  stress  approaches  a  constant  as  the  octahedral  normal  stress 
increases.  In  each  case  the  specimen  has  become  saturated  and  is  behaving  as  if  .  0  beyond  the  messure 

at  which  the  curve  turns  horizontal  In  each  of  these  cases  the  soil  is  a  silty  ciav  with  a  relatively  high  ini 
tial  degree  of  saturation 
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PART  V  CONCLUSIONS 


37  The  following  conclusions  were  drawn  from  the  in  -estigation 

a  The  degree  of  saturation  and  the  mma  void  .atio  are  the  most  significant  variables  govern¬ 
ing  the  one-dimensional  stress- strain  relations  ot  soil  at  high  pressures 
b  For  pressures  exceeding  3000  psi  the  compared  specimens  and  undisturbed  specimens  of 
Suffield  soil  yield  the  same  .elation  if  the  initial  degree  of  saturation  and  initial  vo'd  ratio 
are  identical  before  loading 

<  A  iower  bound  to  the  secant  modulus  of  deformation.  Ms  at  a  given  level  of  axial  stress 
ca  is  giver,  by 

V,  v/*  . 

V1  100/  1  A  ___  ya  _ 

1  *  e j  300.000  psi 

for  both  compacted  and  undisturbed  samples  of  fine-grained  soil  subjected  to  pressures 
greater  than  3000  psi. 

J  The  average  unloading  modulus  of  Suffield  soils  subjected  to  pressures  greater  than  3000 
psi  is  approximately  10  times  the  loading  secant  modulus  of  deformation  M$  . 
t  It  is  probable  that  the  stiffness  of  the  Suffield  sods  when  unsaturated  will  be  greater  under 
dynamic  loading  than  the  stitic  values  given  m  this  report  Previous  comparisons  of  static 
and  dynamic  values  of  constrained  moduli  of  Suffield  sods  (reference  4)  have  shown  that 
the  dynamic  values  are  twice  the  static  values.  This  observation  is  consistent  with  similar 
comparisons  for  NTS  Frenchman  Flat  silt  (reference  7) 
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Descnption  and  Classification  qf  Soil  Samples 


Test 

No. 

Sample  from  Depth 

Distant  Plain  6  ft 

Description 

Unified 

Classification 

w 

I,L 

% 

PL 

% 

Gs 

1 

Undisturbed  sample  1,.  0-0.S 

boring  2-U 

Brown  silty  clay,  with 
sand,  trace  of 

CL 

19.9 

37 

19 

2.63 

organic  matter 

2 

Undisturbed  sample  1,.  0.5- 1.1 
boring  2-U 

Brown  silty  day  with 
trace  of  sand 

CL 

39.1 

38 

18 

2.66 

3 

Undisturbed  sample  2.  1.2-1. 7 

bonng  2-U 

Brown  silty  day 

CL 

6.3 

42 

21 

2.69 

4 

Undisturbed  sample  2,  1. 7-2.3 

bonng  2-U 

Brown  sdty  day 

CL 

9.0 

44 

23 

2.69 

5  ''l 

6  i 

7 

6  j 

)  Remolded  sample,  0-5 

[  bo  L,g  5-U 

Brown  silty  day 

CL 

- 

34 

16 

2.69 

9"\ 

10  i 

u  [ 


Remolded  sample, 
boring  5-U 


5-22  Brown  sandy  silt 


ML 


20  19  2.67 


Table  2 


Initial  Specimen  Data 


Dry 

Water 

Degree  of 

Void 

Test 

Type  of 

Density 

Content 

Saturation 

Ratio 

No. 

Sample 

^ 

w» 

S  % 
n 

e, 

1 

Undisturbed, 

86.2 

19.9 

58  0 

0.902 

0-0.5  ft 

2 

Undisturbed. 

83.3 

19  1 

51  2 

0  993 

0.5- 1.1  ft 

3 

Undisturbed, 

77.5 

83 

19  1 

1  170 

1.21.7  ft 

4 

Undisturbed. 

76.2 

9.0 

20  1 

1.200 

1.7-2. 3  ft 

5  ^ 

! 

85.8 

4.8 

135 

0.960 

6 

1  Remolded 

79.2 

9.7 

25  3 

1  120 

/  silty  clay. 

7 

0-5  ft 

85.2 

9.8 

27  1 

0  972 

8  J 

85.4 

19.6 

54.3 

0.970 

9  1 

89.0 

3.1 

9.4 

0  876 

10 

Remolded 

88.0 

8.1 

24.1 

0.898 

)  sandy  silt. 

11 

5  22  ft 

88.5 

15.0 

45.0 

0.888 

12  J 

38.0 

27.2 

803 

0.898 

Specific 

Gravit> 

Gs 
2  63 

266 

2  69 

2  69 

2  69 
2  69 
2.69 
2  69 

2.67 
r  67 

2.67 

2.67 


APPENDIX  A:  TABULATED  TEST  DATA 


ONE-DIMENSiONmL  static  test  data 


T«*t  No 
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Soil  Locolion 


>,  s,,  -S.t.Q-%  Xj  tfiULpcf  rd,  -f.»..2..pcf  S, . 


.%  Closuf  icotion 


2000 

O  342 

825  O 

f  — 

2500 

O  252 

*?7oO  i 

5000 

O  Zi7 

1  .  700 

j 

5SOO 

O  ZfcO 

<3  450 

4- coo 

O  2*5 

1SZ00 

5°oo 

O  Zk* 

(8  800 

booo 

QZil 

25200 

looo 

O  27/ 

2  5000 

gooo 

O  274 

27200 

<?  ooo 

O  275 

3*8oo 

/  O  OOO 

o  277 

36200 

J/OOO 

O  277 

37300 

iZooo  ^ 

o  2g; 

42*00 

<  3000 

O  284 

poo  1 

/4-Ooo  1 

o  28* 

47ooo 

■it  ratg.A....it.Ti3saaMiag 
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T**t  Mo 


ONE -DIMENSIONAL  STATIC  TEST  DATA 

-  Soil  Typ>  Uadufurkta  Soil  Locotioo  _j 


JiS®o  7  Too 


<5O0d  0.447  J3400  tsoo 


Hoool  0.444  »fc700  70  fcO 


Fig  >\3 


ONE -DIMENSIONAL  STATIC  TEST  DATA 


Test  No  - -  Soil  Typo  (J  n  A  i  sti*rk*J  Soil  Location  /•  7  -  *•  3 -ff . 

_ 5.  /fy  C/«y _ B.ariny  ^  Oistunt _ EltfaJ* 

«, — 3j2_%  s„-Xgg-%  r,-g3,i.pCf  r4l_ZfaJLpCf  s,  e,  -LZ.9.9. . 

L, 44 %  Pw Z-3 %  Clossif  icotion  _ Q  r.a.totn _ A- _ 


Axial 

Stress 

f* 

Axial 

Sf  ro.n 

«• 

Socant 

Modulus 

Radiol 

Str«s$ 

<r, 

Degree  of 
Saturation 

P*' 

in  /m 

psi 

psi 

7. 

O 

O 

O 

/  O 

000Z 

Sooo 

O 

So 

0.0  08 

/  OO 

0.01* 

crso 

20 

2  00 

211o 

/  03 

Tffi 

0. 1  n 

2420 

1 41 

4-oci 

0.1*5 

2  3/0 

2/4 

SOO 

0.  i*7 

2470 

234 

400 

0  201 

2070 

244 . 

■ 

800 

0.240 

3340 

H/ 

IOOO 

a  242 

3020 

520 

1500 

o.3oo 

SOOO 

7/2 

Zoco 

0.324 

4/40 

710 

Z4  OO 

0.342 

7»i« 

//  40 

3  00  0 

0.35W 

04*o 

1  470 

3Soo 

0.340 

1500 

/  440 

400  0 

0.370 

;o4oo 

1040 

5000 

0.55) 

12020 

2  350 

4000 

0.402 

14150 

2740 

rooo 

0.470 

17000 

31 7o 

8000 

0.579 

/7  /  00 

3480 

1000 

0-423 

2(200 

3170 

■BO 

0.4*1 

1 

4340 

m  1 1  000 

0.434 

254'  oo 

44  SO 

(2000 

O  4-31 

274oo 

S//0 

130*0 

O  443 

24300 

5420 

/4  0*0 

0.444 

3i>oo 

S' 7 SO 

0.441 

33200 

6040 

ut«o 

o.5*l 

33X00 

4 45o 

Axial 

Stress 

fa 

Axial 

Strom 

«c 

Socant  |  Radiol 
Modulus  ;  Stress 

M  g  <r  f 

Deg^oe  of 
Satiation 

psi 

in /in 

psi  |  psi 

% 

/  7ooo 

O  452  j  37400;  60(0 

/  8000 

1 

0.454  j  31  700 

— 

7  000 

ilooo 

0  455  |  4/7oo 

74  00 

2  O  o«« 

0  45  7 

43700 

70oo 

nsoo 

7440 

/SOOO 

0  455 

68  £>0 

(Z  JOB 

O  455 

Z7Soo 

R^MHI 

/  0000 

0.453 

2 2  (OO 

■n 

5000 

0.441 

(3400 

4*50 

4000 

0.447 

81 50 

3*00  , 

2»oo 

o.443 

4500 

24(0  | 

/  000 

0.4  31 

Z20O 

t88o 

500 

0.4*7 

1140 

1  3bO 

2oo 

T 

O  4*2  460 

- 

(  0  0 

0  6*1 

230 

- 

■a 

K 

■m 

■m 

I 

i 

i 

j 

I 

1 

! 

—  — 

_ 

ONE -DIMENSIONAL  STATIC  TEST  DATA 


Tut  No 


Son  T,p«-J?«wfaUi.  *•»  Loco»io«_£2^-a^ 
ClA* - 

„  - .  r  .  f  JL4L  icf  s. -JLAl—  >i  — 


■  4. a  «.  s.._UL y.  rt>*XM->d  s 

,  P  /fe  %  Cio**if«coiion  - « 


<00 


*00 


1000 


ISOO  O.  233 


2000  0-2S4 


2$00  [  0-272 


VJOO  1  0.2  84  j  K?SO° 


~7^T|^2$4  |  M8QQ 


4130  7  <3000  1950 

/>/)0  fo.323  I  >5500]  24  TP 


OOP  I  0-343 

gO<?0  0,35  1  12  28001  38*0 

252oo|  4300 


UOOOl  0.343 


i  2.000  1  0.3-74 


44000]  03*2 


oj** 


0-3*5 


34  400 


34700  4500 


390001  7000 


41200 


Fig  A5 
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ONE- DIMENS  tONAL  STATIC  TEST  OATA 


Tr*t  No. 


loti  Typo  fotmmldtd  loll  Loootion 

_ S lLU. 


*i- 

L.. 


JLZ-%  y,_*AJLpcf  rti  711  pcf 


JML_%  P 


CtOMif  ICOtiOA 
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ONE -DIMENSIONAL  static  test  data 
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APPENDIX  B 


AXIAL  STRESS  VERSUS  AXIAL  STRAIN 


Axial  Sfroin,  «0,  in./in. 


Ftg  Bl.  Stress-strain  relation  in  one  dimensional  compression,  test  1 


Fig,  B2.  Stress-strain  relation  in  cne-dimensional  rompression,  test  2 
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Axiol  Stroin,  in. /in. 


Stress-strain  relation  in  one  dimensional  compression,  test  3 
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Fig  B4.  Stress-strain  relation  in  one-dimensional  compression  test  4 
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Fig  B5  Stress-str^n  relation  ir.  one-dirr.tr sionai  compression  test  5 
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Fig.  B6  Stress- strain  relation  in  one  dimensional  compression  test  t 
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Fig  B8  Stress-strain  relation  in  one-dimensicnal  compression,  test  8 
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Fu;  Bll  Stress- strain  relation  in  one-dimensiona!  compression.  test  11 
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Fig.  B12.  Stress-strain  relation  in  one-dimensional  compression,  test  12 


APPENDIX  C.  CONST Rj  ..NED  MODULUS  VERSUS  AXIAL  STRES 


Test  No.  —  I 
Sompte  —  Undisturbed 
Depth  -  0  to  0,5  ft 


•  sd  OCCM  '*W  'sn|npow  »uoa*s 


Kig  Cl  isolation  between  secant  modulus  and  axial  stress,  test  1 


Fig.  C2.  Relation  between  secant  modulus  and  axial  stress,  test  2 
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Relation  between  secant  modulus  and 


Test  No.  —  5 
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Fig.  C5.  Relation  between  secant  modulus  and  axial  stress,  test 
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Fig.  C6.  Relation  between  secant  modulus  and  axial  stress,  test  6 
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Fig.  C7.  Relation  between  secant  modu  lus  ar.d  axial  stress,  test  7 
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Fig.  C8.  Relation  between  -ecant  modulus  and  axial  stress,  test  8 
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Fig.  C9.  Relation  between  secant  modulus  and  axial  stress,  test  9 
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Fig.  Cll,  Relation  between  secant  modulus  and  axial  itren,  test  11 
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Fig  C12.  Relation  between  secant  modulus  and  axial  stress,  test  12 
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Fig.  03.  Relation  between  radial  and  axial  stress,  test  3 
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Fig.  D5.  Relation  between  radial  and  axial  stress,  test  5 
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Fig.  D7.  Relation  between  radial  and  axial  stress,  test  7 
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Fig.  D8,  Relation  between  radial  and  axial  stress,  test  8 
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Fig.  D9,  Relation  between  radial  and  axial  stress,  test  9 
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Fig.  010  Relation  between  radial  and  axial  stress,  test  10 
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Fig.  Dll.  Relation  between  radial  and  axial  stress,  test  11 
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APPENDIX  E:  TABULATED  DATA  FOR  THREE-DIMENSIONAL 
STRESS  STRAIN  RELATIONS 
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0./38 

8o3 

H9o 

276o 

o./3j 

876 

Z/3o 

3S9o 

o-tfo 

ZBoO 

mm 

o  /jo 

/2°~ 

fcS3 

|  SVoo 

Eaza 

1130 

4660 

\rznm 

0/4/ 

VEU 

55?o 

II 

7 22o 

EETU 

/2S5 

6330 

■  ■ 

82oo 

PETTI 

/2Vo 

73oo 

wr 

BR3 

n*t 

WJ& 

&A0 

0/43 

1327 

3/80 

12267 

EP?J 

BEES | 

■313 

Eza 

O.J43 

//3o 

U6oq 

— 

~  r 

— 

- 

mem 

— 

IBM 

n 

«• 

3 

B 

Rodiot 

Slrtot 

»r 

Dogrrc  of 
Sol  i^otion 

p*i 

Wi/m 

p*< 

psi 

% 

— 

QTI 

- 

— 

o.  144 

— 

0/46 

— 

0/45 

- 

~ 

— 

<9/45- 

— 

O.  //S' 

- 

— 

— 

a/44. 

— 

HEEl 

— 

— 

’ 

0-/43 

~~ 

— 

- 

0-/4J 

«— 

— 

- 

o./43 

— 

o-/43 

— 

Huil 

_ 

— 

— 

0./4Z 

- 

— 

— 

am 

— 

— 

- 

a/4 / 

— 

- 

0./47 

— 

— 

Fk|.  E6 


ONE -DIMENSIONAL  STATIC  TEST  DATA 
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-  Sod  Typ«  ficnelal&L s «u  Loeohoo. 

_ 5lLL?-  J-Ipjc _ &$  i 
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ONE -DIMENSIONAL  STATIC  T£ST  DATA 
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APPENDIX  F  OCTAHEDRAL  NORMAL  STRESS  VERSUS 
OCTAHEDRAL  LINEAR  STRAIN 


Fig.  Fi.  Octahedrai  normal  stress  versus  octahedral  linear  strain 
for  the  undisturbed  samples  of  silty  clay 
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Fig.  F2.  Cctahe<lral  normal  stress  versus  octahedral  linear  strain 
for  the  compacted  sampl-'s  of  silty  clay 


OCTAHEDRAL  LINEAR  STRAIN  y, 
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tahedral  normal  stress  versus  octahedral  linear  strain 
for  the  compacted  samples  of  sandy  silt 


APPENDIX  G:  OCTAHEDRAL  SHEARING  STRESS  VERSUS 
OCTAHEDRAL  NORMAL  STRESS 
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A*ST««CT 

Soil  tests  were  condui  ted  to  provide  information  on  the  influence  of  degree  of  saturation  on  high-pressure 
stress-strain  relations  i  f  undisturbed  and  remolded  soils  from  the  Defence  Research  Establishment.  Suffield. 
and  to  provide  input  cita  for  computer  codes  concerning  the  relation  bctwec  stress  and  strain  invariants 
at  high  pressures  As  ex*»ci*d.  the  lest  results  presented  herein  show  that  large  strains  do  not  develop  at 
high  pressures  in  fine-grau  *  -  soils  such  as  silt  and  clay  The  test  program  consisted  of  12  one-dimensional 
tests  on  4  specimens  each  o'  undisturbed  and  remolded  silty  clay,  and  4  specimens  of  remolded  sandy  silt. 
In  all  tests  the  radial  3Wain  w  «  essentially  zero  Axial  and  radial  stresses  and  axial  strain  were  measured. 
The  tests  were  carried  to  an  axial  stress  of  20,000  psi  unless  soil  extrusion  occurred  at  a  lower  stress.  The 
following  conclusions  were  reached  The  degree  of  saturation  and  the  initial  void  ratio  are  the  most  signifi¬ 
cant  variables  governing  the  one-dimensional  stress-strain  relations  of  soil  at  high  pressures.  For  pressures 
exceeding  3000  psi  the  compacted  specimens  and  undisturbed  specimens  of  Suffield  soil  yield  the  same  re¬ 
lation  if  the  initial  degree  of  saturation  and  initial  void  ratio  are  identical  before  loading  A  lower  bound 
to  the  secant  modulus  of  deformation  Ms  at  a  given  level  of  axial  stress  is  given  for  both  compacted 
and  undisturbed  samples  of  fine-grained  soil  subjected  to  pressures  greater  than  3000  psi.  The  average  un¬ 
loading  modulus  of  Suffield  soils  subjected  to  pressures  greater  than  3000  psi  is  approximately  10  times 
the  loading  secant  -odulus  of  deformation  Ms  It  is  probable  that  the  stiffness  of  the  Suffield  soils  when 
unsaturated  will  be  greater  under  dynamic  loading  than  the  static  values  given  herein.  Previous  comparisons 
of  static  and  dynamic  values  of  constrained  moduli  of  Suffield  soils  have  shown  that  the  dynamic  values 
are  twice  the  static  values  This  observation  is  consistent  with  similar  comparisons  for  NTS  Frenchman 
Flat  silt. 


